DNA replication is one of the most fundamental processes for cell growth. Since the proposal of semi-conservative DNA replication by Watson-Crick and discovery of an enzyme responsible for this process by Kornberg, studies on DNA replication for the past 67 years revealed the involvement of many proteins for regulated execution of DNA replication [1] .
Among them, ORC (Origin Recognition Complex), Cdc6, MCM (minichromosome maintenance), and Cdt1 are essential for forming pre-RC, a protein complex required for initiation of DNA replication, on chromatin during G1 phase. Mutations in these genes generally lead to reduced licensing (less pre-RC on the chromatin), resulting in inefficient S phase progression or increased sensitivity to replication stress [2, 3] .
Extra-replication functions of the pre-RC factors have been indicated. Roles of ORC in transcription silencing were reported shortly after identification of ORC in budding yeast [4, 5] . Orc6 subunit of the ORC complex was shown to localize at kinetochores and to the midbody before cytokinesis, and Orc6 depletion led to aberrant nuclear division and mitosis [6, 7] .
In BBRC 456 (2015) 763-767, Deog Su Hwang's group at Seoul National University reported that Cdc6, an evolutionally conserved replication factor essential for pre-RC formation, is localized to centrosomes during S-G2 phase [8] . The group identified a 56 amino acid segment of Cdc6 which is sufficient for centrosome localization. Similar finding was reported by other group later in the same year [9] . This is an important paper that clearly indicated an important function of Cdc6 in regulation of the centrosome functions. Further studies showed Cdc6 negatively regulates the microtubule-organizing activity of the centrosome by inhibiting the recruitment of pericentriolar material (PCM) proteins to the centrosome [10, 11] . Furthermore, Cdc6 was shown to inhibit over-duplication of centrosomes [11, 12] . Orc1 was reported to control centrosome copy number [13] .
Orc2 is known to localize to centrosomes [14] , and the partner of Cdt1, Geminin, was also reported to associate with centrosomes [15] . The finding by Hwang added Cdc6 to the list of centrosome-associated replication factors. Other groups also reported association of Mcm components to centrosomes [16, 17] . Further functional analyses of the centrosome localization of replication factors led to a general conclusion that pre-RC factors negatively regulate centrosome biogenesis.
These findings revealed unexpected roles of pre-RC factors in regulation of centrosome duplication, in addition to its roles in genome duplication. Replication of DNA and duplication of centrosomes are two essential events for cell proliferation, that need to occur "once and only once" during cell cycle in a coordinated manner. pre-RC components play pivotal roles in ensuring ordered and controlled execution of DNA replication and mitosis, firstly by assembly of replication complexes in a proper timing and secondly by defining the timing of centrosome duplication and prevention of its overduplication.
The diverse functions of pre-RC factors in cell cycle progression predict existence of diseases caused by their mutations. Indeed, an autosomal recessive Meier-Gorlin syndrome (MGS) [18] [19] [20] [21] , an entity of Microcephalic primordial dwarfism, has been shown to be caused by mutations in preRC components including Orc1, Orc4, Orc6, Cdt1 and Cdc6 [22] . In view of the multiple roles of the preRC factors during cell cycle, as described above, mutations in these genes would affect cell proliferation and survival by affecting DNA replication and nuclear/ cell divisions as well as coupling of these processes.
In addition to the roles of pre-RC factors in DNA replication and chromosome separation, a striking defect in the rate of formation of primary cilia, a modified centriole, was detected in mutants of preRC components. It was also proposed that reduced efficiency in forming cilia could be responsible for clinical features of MGS [23] .
Factors participating the processes of DNA replication have been largely identified, and the mechanisms of how they regulate different steps of DNA replication are being elucidated at a rapid rate. However, the functional analyses of replication factors on cellular and an animal level will continue to reveal their unexpected functions. Studies using genetically manipulated model species carrying specific forms of mutations or those bearing a tissue/ organ-specific gene knockout are being awaited to fully understand the biological functions of replication factors.
Legends to figure
During the G1 phase of the cell cycle, pre-RC factors play essential roles in assembly of a protein complex that is prerequisite for initiation of DNA replication. Pre-RC formation is strictly prohibited once S phase is initiated. Pre-RC factors binds to centrosomes and inhibits overduplication of centrosomes. Its role is generally inhibitory for the centrosome functions, and it may be required for timely and regulated duplication of centrosomes. Pre-RC factors may also inhibit formation of cilia, The two lower panels are cell images from ref. 8 Figure 4B and 4C) . IFT43-, WDR35-and PCNT-deficient fibroblasts formed cilia at a similar level to wild-type control cells after serum starvation, although the acetylated-tubulin staining pattern was frequently abnormal ( Figure 4D ). This is consistent with previous findings that cilia form at close to normal levels in IFT43-and WDR35deficient patient cells [37, 38] . Although one study has shown that PCNT is required for ciliogenesis, subsequent work using a hypomorphic mouse strain suggested that PCNT was essential for olfactory cilia assembly but dispensable for ciliogenesis in nonneuronal epithelial cells [19, 20] . The normal level of cilia formation here may reflect the latter finding or the fact that PCNT function is not fully abrogated in the patient cells. In contrast to wild-type control cells, Smo localised at the cilia in a detectable fraction of non derived cell lines suggesti ( Figure 4C ). In the presen localised at the cilia incr markedly PCNT-deficient remained below the level in these three cell lines (I for Smo appeared non-u control cells exposed to consistent with the impac intraflagellar protein trans a downstream step in cilia or Smo activation. PCN distinct phenotype with m diminished or abnormally This substantiates the find is only modestly comprom strates that cilia function Finally, ORC1-deficien formation (as described a or accumulated Smo ei ( Figure 4A and 4C ). Howe cells that showed co-locali deficiency, whilst compro ability to localise Smo in ( Figure 4E ). IFT43, WD Figure 3 . Deficiency in origin licensing proteins dramatically impairs cilia formation. a-b) Con to enter G0 by serum starvation for 24 or 48 hr and processed to identify cilia using anti-acetylated tubul entire cilia or the basal body, respectively. Lower panel shows that in ORC1-hTERT fibroblasts immun extended perinuclear microtubular arrays around the centrosome in distinction to the ordered alignme cilia defective cells [56] . c) Control (C) or ORC1-deficient hTERT cells were monitored for long term c numbers of days of serum depletion. d) Origin licensing proteins were knocked down with siRNA in contr analysed for cilia formation as above. Although a marked defect is observed in cilia formation up to 4 around 50% of the cells when examined 4-5 days post serum starvation. e) ORC1-P4 hTERT cells were expressing GFP-tagged ORC1 cDNA and positive cells detected with anti-GFP antibodies. The percent been successfully transfected, with cilia was assessed as in panel (d) . ORC1 cDNA expression resulted in r S2a shows cilia formation in a gfp + versus gfp 2 cells. doi:10.1371/journal.pgen.1003360.g003 PLOS Genetics | www.plosgenetics.org 5 Mar
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